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Abstract 
With the advent of Doppler ultrasound, fetal cardiac performance has been studied in isolation and in relation to the fetal 
circulation in general both under physiological and pathophysiological circumstances. In this chapter the central theme is the 
changes in arterial downstream impedance which occur relative to normal and abnormal fetal development and their 
association with cardiac and venous flow velocity waveforms. Changes in arterial downstream impedance as expressed by 
descending aorta and umbilical artery pulsatility index are observed in: (i) normal embryonic/early fetal development; (ii) 
normal late fetal development associated with behavioural states, and (iii) abnormal late fetal development, in particular fetal 
growth retardation. 
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1. Normal embryonic/fetal development 
The introduction of transvaginal colour coded and 
pulsed Doppler system has opened the possibility of 
studying embryonic/fetal flow velocity waveforms as 
early as 8 weeks of gestation. Up to 12 weeks, end- 
diastolic flow velocities are always absent in the fetal 
descending aorta and umbilical artery reflecting a 
high fetal and umbilical-placental vascular resistance. 
End-diastolic flow velocities in these vessels first ap- 
pear at 13 weeks and are always present as from 15 
weeks of gestation [l] (Fig. 1). These dates suggest a 
change from a high to a low fetal and umbilical 
placental vascular resistance, which will remain as 
such during the remainder of pregnancy. Of interest 
at this point is the trophoblast invasion of the spiral 
arteries during the early second trimester of preg- 
nancy [21, resulting in low resistance utero-placental 
vessels. However, the documented reduction in pul- 
satility index in the fetal descending aorta and umbili- 
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cal artery may also be determined by the process of 
placental angiogenesis which takes place at this stage 
of pregnancy [3]. 
At cardiac level, biphasic (E-wave, A-wave) atrio- 
ventricular flow velocity waveforms can be recorded 
as early as 9 weeks. Differentiation between transmi- 
tral and transtricuspid flow velocities can be made as 
from 11-12 weeks (Fig. 2). Initially, A-wave velocities 
are twice those of E-wave velocities, with E/A ratio 
increasing with advancing gestational age. This may 
suggest a shift of blood flow from late diastole to- 
wards early diastole, which may be due to increasing 
ventricular compliance or raising ventricular relax- 
ation rate [4]. Transtricuspid flow velocities are sig- 
nificantly higher than flow velocities at mitral valve 
level [51. Since volume flow is equal to time-averaged 
velocity multiplied by vessel area, the higher transtri- 
cuspid velocities may reflect right ventricular pre- 
dominance. This is in agreement with observations in 
normal late pregnancy [6]. Like atrioventricular flow 
velocities, outflow tract velocities in the ascending 
aorta, pulmonary artery and ductus arteriosus display 
a gestational-age related increase. No relationship 
with downstream impedance has been established. 
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Fig. 1. Maximal flow velocity waveforms from umbilical artery, descending aorta nd middle cerebral artery at 11 weeks (left, center, right 
upper panel) and 13 weeks of gestation (left, center, right lower panel). 
On the venous side, pulsations in the umbilical vein cava, allowing the direct flow of well-oxygenated blood 
may be seen up to 14 weeks of gestation, and may be towards the foramen ovale and the left heart. Ductus 
due to the conductance of cardiac contractions to the venosus flow velocity waveforms in early pregnancy [7] 
umbilical vein as a result of the proximity of the are very similar to those observed in late pregnancy 
heart. The ductus venosus functions exclusively as a with a systolic and diastolic forward flow pattern. 
shunt between the umbilical vein and inferior vena Pressure gradients across the ductus venosus were 
Fig. 2. Transmitral (left) and transtricuspid (right) flow velocity waveforms representing E-wave (early diastolic filling) and A-wave (atrial 
contraction) components at 12 weeks of gestation. 
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estimated using Doppler ultrasonography and the 
simplified Bernoulli equation. A pressure gradient of 
0.1-1.9 mmHg and O-O.5 mrnHg was calculated dur- 
ing ventricular and atria1 contraction, respectively 181. 
Also, the inferior vena cava resembles the profile seen 
in late pregnancy, with a systolic and early diastolic 
forward component and a late diastolic retrograde 
component [‘7]. Percentage reverse flow in this vessel 
at 11-12 weeks of gestation is as high as 2530%, 
which is approximately six times that seen in late third 
trimester pregnancies [7,9]. This may be due to low 
cardiac compliance and/or high arterial downstream 
impedance. This cannot be substantiated as long as 
volume and pressure measurements are lacking. Rizzo, 
et al. [lo] reported an association between increased 
reversed flow and umbilical venous pulsations, sug- 
gesting a relationship between these waveform char- 
acteristics and cardiac filling patterns. Ductus venosus 
time-averaged velocity is approximately three times 
the velocity in the umbilical vein and inferior vena 
cava. This may result in a tendency not to mix, and 
may thus support the idea of preferential streaming of 
well-oxygenated blood through the ductus venosus 
towards the foramen ovale. 
2. Normal late fetal development and behavioural 
states 
Well-defined behavioural states can be seen in the 
human fetus from 33-34 weeks of gestation onward. 
Quiet and active sleep states follow up each other 
[ll]. The quiet sleep state is characterized by occasio- 
nal body movements, absent eye movements and a 
stable heart rate pattern with a narrow oscillation 
bandwidth. The active sleep state comprises frequent 
and periodic gross body movements, eye movements 
and a fetal heart rate pattern with a wider oscillation 
bandwidth than described in the quiet sleep state. 
Markedly raised end-diastolic velocities resulting in 
lowered pulsatility index values have been established 
in the descending aorta during active sleep compared 
with quiet sleep, suggesting a reduced downstream 
impedance at fetal trunk and lower extremity level 
with the objective to increase perfusion of the fetal 
musculature to meet raised energy demands associ- 
ated with major activity during this particular be- 
havioural state [12]. A similar pattern exists for the 
renal arteries [13]. However, this is associated with a 
lowering instead of an increase in fetal urinary pro- 
duction rates [13]. Surprisingly, no behavioural state- 
related changes could be documented in the umbilical 
artery [14]. Behavioural state dependent changes have 
also been seen in the intracerebral arteries both for 
pulsatility index values [14] and absolute flow veloci- 
ties [151, suggesting increase in cerebral blood flow 
during active sleep. At cardiac level, a reduced time- 
averaged velocity at ductus arteriosus level [161 (Fig. 
3) is associated with a raised time-averaged velocity at 
the foramen ovale [171 (Fig. 41, suggesting redistribu- 
tion in left and right ventricular output in favour of 
the left side of the heart during the active sleep state. 
The observed increase in blood flow velocity at fora- 
men ovale level is mainly determined by the end-sys- 
tolic and passive atria1 filling phase of the foramen 
ovale flow velocity waveform, indicating increased 
passive atria1 filling during systole as a result of raised 
preload. Of interest, therefore, is the observation that 
in the ductus venosus, peak systolic, peak diastolic 
and time-averaged velocities are raised by approxi- 
mately 30% during active sleep [181. This suggests 
augmented volume flow through the ductus venosus 
during this behavioural state. An increase in volume 
flow through the ductus venosus during active sleep 
state would be consistent with the rise in volume flow 
at foramen ovale [171 and mitral valve level [191 
during active sleep. No behavioural state dependent 
changes were established in the inferior vena cava 
md. 
3. Abnormal late fetal development 
An important aspect of prenatal care in late preg- 
nancy is the timely detection of intrauterine growth 
retardation. Serial fetal biometry, in particular mea- 
surements of the upper abdominal circumference will 
be helpful in establishing fetal growth. A normal 
utero-placental circulation is necessary to ensure opti- 
mal supply of oxygen and nutrients to the developing 
fetus. In fetal growth retardation as a result of utero- 
placental insufficiency, end-diastolic velocities in the 
descending aorta, renal arteries and umbilical artery 
may be reduced or even absent reflecting a change 
from a low arterial downstream impedance to a high 
arterial downstream impedance at fetal trunk and 
placental level. Pulsatility index values in these vessels 
will be raised as a result of this [21,22]. 
When PO, falls below and PC,, rises above a 
certain threshold, aortic and carotid chemoreceptors 
could be switched on, regulating a vasodilatory re- 
sponse at cerebral arterial level in order to ensure 
adequate oxygenation to the brain. Thus, fetal growth 
retardation (hypoxaemia) is associated with a haemo- 
dynamic compensatory mechanism which will lead to 
an increase in blood supply to the brain and a reduc- 
tion in the perfusion of the gastrointestinal tract, 
kidneys and lower extremities. Indeed, raised end-dia- 
stolic flow velocities occur in intracerebral arteries of 
growth-retarded fetuses [23]. Time-averaged velocities 
in the descending aorta plateau at approximately 32 
weeks and fall slightly after 40 weeks of gestation 
unlike time-averaged velocities in the common carotid 
artery which increase, suggesting that a progressively 
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Fig. 3. Maximum flow velocity waveforms from the ductus arteriosus during quiet (left) and active (right) sleep state in the normal growing 
fetus at 37-38 weeks of gestation (16). 
-1 see- 
Fig. 4. Maximum flow velocity waveforms at foramen ovale level during quiet (top) and active (bottom) sleep state in the normal growing fetus 
at 37-38 weeks of gestation (17). 
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increasing fraction of the cardiac output is directed to 
the fetal brain [241. 
Haemodynamic adjustment in fetal growth retarda- 
tion is associated with reduced peak systolic flow 
velocities in all three cardiac outflow tract vessels L2.51. 
This reduction may be determined by reduced volume 
flow, increased valve size, reduced cardiac contraction 
force or increased arterial downstream impedance. 
Whereas no volume flow or pressure measurements 
are available, increased arterial downstream 
impedance may be considered the most likely reason 
for these reduced outflow tract velocities [251. The 
compensatory mechanism(s) of cerebral arterial va- 
sodilatation may be lost when there is severe hypox- 
aemia, metabolic disturbances or development of 
brain oedema, resulting in rise in middle cerebral 
artery pulsatility index [26]. An increase in pulsatility 
index in severe hypoxaemia may be the consequence 
of alterations in flow due to reduced cardiac contrac- 
tility and to a fall in absolute cardiac output 1271. The 
loss of intracerebral arterial vasodilatation is a critical 
event since this may be associated with late fetal 
heart rate decelerations [28]. During the process of 
haemodynamic adaptation as seen in fetal growth 
retardation, changes may also be observed in venous 
return to the heart. Continuous flow patterns in the 
umbilical vein may become pulsatile. Appearance of 
late diastolic reverse flow in the ductus venosus and 
elevated late diastolic reverse flow in the inferior vena 
cava have been reported in association with fetal 
growth retardation [29]. A further rise in arterial 
downstream impedance and ultimately cardiac com- 
promise have been indicted as underlying causes of 
abnormal venous flow velocity waveform patterns. 
4. Conclusions 
Early fetal development is characterized by a high 
fetal and umbilical placental vascular resistance. 
Transition into a low resistance system takes place 
around 11-12 weeks of gestation, to be maintained 
during the remainder of pregnancy. An association 
with placental angiogenesis is suggested. Gestational 
age-related velocity changes at atrioventricular and 
outflow tract level do not seem related to arterial 
downstream impedance. Venous flow velocities dis- 
play a marked increase with advancing gestational 
age, in particular in the ductus venosus. Later in 
pregnancy, behavioural state dependent changes oc- 
cur in the fetal circulation with the objective to secure 
optimal blood supply to meet raised energy demands 
at fetal cerebral and trunk level during the active 
sleep state. Fetal growth retardation as a result of 
uteroplacental insufficiency is associated with haemo- 
dynamic adjustment triggered by carotid and aortic 
chemoreceptors depending on the degree of fetal 
hypoxaemia. Centralization of the fetal circulation 
with subsequent brain sparing represents the most 
essential development in haemodynamic adjustment. 
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